As more locations gain access to telecommunication, there is a growing demand to provide energy in a reliable, efficient and environmentally friendly manner while effectively addressing growing energy needs. Erratic power supply and rising operation costs (OPEX) in Nigeria have increased the need to harness local renewable energy sources. Thus, identifying the right generator schedule with the renewable system to reduce OPEX is a priority for operators and vendors. This study evaluates the energy costs of hybrid systems with different generator schedules in powering base transceiver stations in Nigeria using the Hybrid Optimization Model for Electric Renewable (HOMER). A load range of 4 kW to 8 kW was considered using: (i) an optimised generator schedule; (ii) forced-on generator schedule and (iii) the generator-only schedule. The results showed an optimal LCOE range between averages of USD 0.156/kWh to 0.172/kWh for the 8 kW load. The percent energy contribution by generator ranges from 52.80% to 60.90%, and by the solar PV system, 39.10% to 47.20%. Excess energy ranges from 0.03% to 14.98%. The optimised generator schedule has the highest solar PV penetration of 56.8%. The OPEX savings on fuel ranges from 41.68% to 47% for the different load schedules and carbon emission savings of 4222 kg to 31,428.36 kg. The simulation results shows that powering base stations using the optimised hybrid system schedule would be a better option for the telecom industry.
Introduction
As more and more locations gain access to telecommunication, there is a growing demand to provide energy in a reliable, efficient and environmentally friendly manner while efficiently addressing growing energy needs. The subscriber penetration rate in West Africa is 49%; in Nigeria, 45% [1, 2] . Based on recent statistics, the subscriber identity module (SIM) penetration in Nigeria is 82% and the number of lines connections is 151.8 million [3] . Furthermore, telecom density has risen from 72.72% in May 2012 to 99.39% in August 2017 [4] . This amounts to an increase of 26.67% in the past five years.
Energy consumption is among the most expensive items for telecom operators. Base stations (BSs) are among the key energy consumption elements of cell sites [5, 6] . In off-grid and bad-grid tower sites, the primary component of plant-level energy costs is the expenditure on diesel fuel for generators, which accounts for almost 80% of the total energy costs. As such, operators and vendors must critically consider and evaluate design consideration, operation and maintenance (OPEX), energy efficiency of BSs, greenhouse gas emissions, and equipment evolution capability to yield the best return on investment [2, 5, [7] [8] [9] .
They usually consist of a primary renewable source working in parallel with a stand-in secondary non-renewable component and storage units [15] . Hybrid power systems are a way to provide power to the many remote areas in the developing world, where the costs for large scale expansion of electrical grids as well as diesel fuel transportation are very high. However, due to the inconsistent nature of the power supply in many developing countries, hybrid renewable systems are currently being used in urban areas as well to reduce the operating expenditures (OPEX).
In this research, the simulated hybrid power system is made up of solar panels, batteries, a diesel generator and other relevant equipment, such as controllers for flexibility in switching or integrating diesel or grid through a unified controlling platform. Its maximum utilization of solar energy provides a simple, efficient, and reliable on-site power supply.
Much research has been done regarding the solar hybrid cost. Cristóbal-Monreal and Dufo-López [16] studied the optimisation of photovoltaic-diesel-battery stand-alone systems minimising system weight. They considered minimisation of the weight of the system, minimisation of the cost and minimisation of both weight and cost. They found out that a hybrid system is the optimal option. Lopez et al. [17] took it further to discuss ways of optimising PV-wind-diesel hybrid systems to minimise cost and maximise human development index and job creation. They used the multi-objective optimisation of off-grid hybrid renewable systems to minimise net present cost and maximise human development index and job creation.
Ogunjuyigbe et al. [18] used a generic algorithm on a hybrid system of solar and wind to minimize the lifecycle cost, dump energy, and CO 2 emissions. They used small split diesel generators instead of a big single diesel generator. Their results achieved 28%, 46%, 82% and 94% reduction in cost of energy, life cycle cost, CO 2 emissions, and dump energy, respectively, when compared to the single big diesel generator system. Ahadi et al. [19] investigated at several hybrid renewable energy system (HRES) combinations of solar, wind and energy storage free of diesel generators to supply energy for remote communities. The study showed that the wind turbine operations range must be considered. Increasing the wind turbine fraction could also lead to significantly lower costs as well as the PV solar cell number and number of batteries.
Taher et al. [20] did a techno-economic feasibility study of hybrid energy systems (PV/wind turbine/diesel system with storage batteries) for electricity generation. With a peak load of 3 kW, they had the most economical system with net present cost and levelized cost of energy of 57,320 USD and 0.26 USD/kW, respectively. The incorporation of storage units also reduced the net present cost, excess energy fraction and CO 2 emission by 85%, 81% and 29%, respectively. They found out that the use of hybrid energy systems in such locations improved the standard of living and economic activities of the rural populace. Li et al. [21] developed a simple sizing algorithm for stand-alone PV/wind/battery hybrid microgrid systems to determine the number of wind turbine and PV array generating units and the storage capacity required for a stand-alone microgrid. The used the algorithm to propose the state of charge (SOC) cycle variance, from which the number of photovoltaic arrays can be calculated when the number of wind turbines is known.
PV systems and batteries serve complementary roles according to Katz et al. [22] . As the PV system efficiently reduces total grid consumption, battery storage reduces the demand charges by removing the load peaks when there is no solar radiation. Goel and Ali [23] , in the study of the cost analysis of solar/wind/diesel hybrid energy systems for telecom towers, used HOMER to get the optimum net present cost (NPC), operating cost per year and the energy cost/kWh for different models. They observed that the cost of energy (COE) decreases with increasing load for the system. They had the maximum COE with only the DG system at different load levels.
According to the Saviva research group [24] , most telecom operators are now moving away from total dependence on diesel fuel for powering base stations, especially in remote and rural locations. Some of these telecom firms have acquired integrated renewable energy systems; though higher capital expenditure (CAPEX) is required, lower OPEX is expected in the long run. Alsharif, in comparing the analysis of solar-powered base stations using the architecture, energy production, and optimal system cost with conventional energy sources, obtained an OPEX savings range of 32% to 66%. He concluded that the solar-powered base stations would be a feasible long-term solution for the telecommunication industry [5] . In a similar study in the optimisation of energy in the telecommunication industry for base stations using hybrid system, an OPEX savings of 43% to 47% was achieved considering the solar radiation in Malaysia [25] .
In many developing countries, the emissions from fuel burned by telecom operators for their base stations are an enormous source of greenhouse gas (GHG) emissions into the atmosphere. According to Alsharif [26] , the mobile sector accounts for 51% of the total carbon footprint of the information and communication technology sector. With the integration of hybrid systems, the size of the footprint would be reduced significantly. Moradi et al. [27] in the Modeling of a Hybrid microgrid, concluded that high renewable energy penetration have substantial effect on the grid operation with respect to emission.
Different energy sources can be incorporated into a single energy platform to provide flexible configuration, smooth evolution and easy expansion in the hybrid system [12, [28] [29] [30] [31] . With the hybrid solution, the following can be achieved:
(1) A 40~90% reduction in fuel consumption by the diesel generator (DG) with the solar hybrid system. 90% can be reduced as well on the operation and maintenance cost (OPEX). The OPEX on sites powered by DG alone is higher than that in hybrid powered sites. Carbon footprint savings of 30~75% are also achieved as a result of the reduction in the burning of fossil fuel [29] [30] [31] [32] [33] [34] [35] . (2) A 50% reduction in OPEX of traditional energy source (DG) and above [33, 36] . (3) Reduction of DG set run hour by about 50% [33, 36, 37] . With the integration of the hybrid system, a site that normally would have run on diesel fuel continually would have reduced generator operation hours because of the ability of other energy sources to meet the load demand. (4) Increased life cycle of DG and replacement time as a result of lower run hours [38] . Lower generator run hours increases the life cycle of a generator. (5) Equipment temperature maintenance at an acceptable range that would not cause damage due to heating.
A complete hybrid system can be packaged in an 'energy container' to offer quick installation in remote locations. The cycling battery must have a temperature-resistant, low-maintenance design, accept fast charging, and be able to deliver a large number of charge-discharge cycles; the rectifier must offer the highest possible energy efficiency. Furthermore, the controller must be equipped with dedicated software enabling the operating profile of the battery and generator, which allows for component optimization and thus delivering the lowest possible operating cost. The addition of renewable energy sources will permit an increase in cycling time and consequently extend the life of the battery and generator while also reducing environmental impact.
Colocation (colo) is the provision of space and facilities which includes towers, generators and other equipment for telecommunications operators and internet service providers in the same location. This has reduced the CAPEX and OPEX for most operators significantly.
Some of the challenges faced by telecom operators in powering their base transceiver station include: high mean time to repair (MTTR), increasing fuel cost and consumption, high operation cost, high cooling load, fuel theft and environmental pollution (oil spillage, carbon emission and noise).
Site Configuration
Site configuration determines the energy requirement for sites. This should be established during the site design process. The sites, which can be either outdoors or indoors, also determine the load requirements. Tables 1 and 2 are for real site configurations used by telecom operators in the design of base transceiver stations' load requirements. The configurations 222/444, 222/666 and 444/666 indicate the number of TRXs (transceiver) in each sector for the BTS (base transceiver station). Microwave is a communications system that uses a beam of radio waves in the microwave frequency range to transmit audio, video and other information between locations, from a few feet or meters to several miles or kilometers apart. Tables 1 and 2 show the outdoor and indoor configurations. For the research work, three sets of configurations were considered:
(1) 222/444 + 3G + 4G + Microwave + Lighting 4 kW (2) 444/666 + 3G + 4G + Microwave + Lighting 6.4 kW (3) 444/666 + 3G + 4G + Microwave + DC air conditioner + Lighting 8 kW.
In the simulation, three schedules were considered for the generator: the optimised, the forced-on and generator only. In the optimised schedule, the HOMER system decides what energy source comes into play at every point. In the forced-on schedule, the generator operates between 10:00 p.m. and 7:00 a.m., while there is no solar radiation. The generator only schedule is without a renewable energy source.
Simulation and Modelling of System Components
Hybrid Optimization Model for Electric Renewable (HOMER) is a simulation model software. It simulates a feasible system for all likely combinations of the equipment to be considered. It is a tool for comparing and evaluating micro-grid technology for a wide range of applications; depending on how the problem is posed, HOMER can simulate hundreds of systems. In this study, the HOMER Pro 3.9.2 software was used to simulate hybrid energy system for off-grid with different schedules and compared with a system that run with diesel generator only system. In doing the simulations system designs, several parameters have to be taken into consideration for proper decisions. Such includes what components to include and the size of the component to make the system feasible and at optimum cost. HOMER simulates the system over 8760 h, making energy balance for the values. HOMER in its simulation compares the electric and thermal demand to the energy that the hybrid system can supply. It calculates the flows of energy in and out of each component of the hybrid system and determines whether a configuration is feasible or not.
The key components of the hybrid system comprise of solar PV, diesel generator, batteries and the converter. HOMER incorporates the entire cost of the system to calculate the economic viability of the systems. It involves information about the cost (capital, operation, maintenance and replacement), number and size of the units to be used, hours of operation and lifetime, as well as specific component properties. It uses the total net present cost (NPC) to signify the life-cycle cost of the system while factoring in yearly real interest rate. HOMER takes a linear depreciation component, meaning that the salvage value is directly proportional to its remaining life. The HOMER software performs sensitivity analyses to justify the sensitivity of the system design to key factors, like the component resource costs or availability.
HOMER uses the following equation to calculate the total net present cost (NPC) [10, 26, 39, 40] :
where C ann,tot is the total annualized cost, i is the annual real interest rate (the discount rate), R proj is the project lifetime, and CRF is the capital recovery factor, given by the equation:
where i is the annual real interest rate and N is the number of years.
To calculate the salvage value of each component at the end of the project lifetime, HOMER uses the following equation [5, 39] :
where S is the salvage value, C rep the replacement cost of the component, R rem the remaining life of the component, and R comp the lifetime of the component. For each of the components, HOMER integrates the capital, maintenance, replacement, fuel costs, along with the salvage value and any other costs or revenues, to calculate the project component's annualized cost.
3.1.1. Solar Resource Solar resources are simulated from the NASA surface meteorology and solar energy database by entering the GPS coordinates in the website [41] . It is advisable that the average radiation should have a constant trend and annual radiation above 4 kWh/m 2 /day to have a reliable source of power coming from the photovoltaic panels [39] . The radiation values were determined for the 12 sites considered for the six geo-political regions of Nigeria.
Clearness Index
In the HOMER Pro, the average radiation for each month is entered. HOMER calculates the clearness index based on the radiation value, the month of the year and latitude. HOMER also calculates the average radiation from the global horizontal radiation (GHI). The index is a number indicating the fraction of the solar radiation striking the top of the atmosphere that makes it through the atmosphere to the Earth's surface. The value ranges between 0 and 1.
The following equation defines the monthly average clearness index: , n is the day of the year [a number between 1 and 365]. Optimization process of the HOMER system: The optimization process of the HOMER system assumes the generator runs continuously, which is not always the case. Most hybrid systems, when optimising, switch between different energy sources, giving priority to the renewable energy system. The generator is usually the last in the priority list [39, 42, 43 ].
The annual average insolation level in kWh/m 2 /day, and the clearness index is shown in Figure 1 for all 12 sites. The northern region of Nigeria has higher average insolation as compared to the southern part. Sokoto has the highest solar radiation while Calabar has the lowest solar radiation among the sites. 
Modelling of System Components
The architecture of a solar-powered base transceiver station is shown in Figure 2 . The station combines a photovoltaic (PV) array, battery, the generator and converter. The load directly feeds the required energy to the DC load of the base station. The alternating current (AC) load (cooling and lighting) is fed via a DC/AC inverter. Excess energy is stored in the battery bank and used during night or when the PV cannot supply energy to the required load. The schematic diagram of the simulated hybrid system is illustrated in Figure 3 . The system consists of a PV array containing the load, solar modules, converter, batteries for storage and the diesel generator. The DC power produced from PV arrays and the fuel cell is fed to the DC Bus. The AC power generated from the diesel generator is directly fed to the AC Bus and then converted into DC power and fed to the DC Bus. Excess power goes to the battery bank and is utilized by the fuel cell in case of lack of generated power from PV source.
The costs of renewable energy in the power sector can be represented by per unit of electricity generated and per unit of the installed capacity called "overnight costs". This study adopts the former in this analysis by using HOMER. The LCOE is defined as the ratio of lifetime costs to lifetime electricity generation, both discounted back to a common year using a discount rate that captures the cost of finance. It can also be seen as the average price at which electricity generated must be sold for 
The architecture of a solar-powered base transceiver station is shown in Figure 2 . The station combines a photovoltaic (PV) array, battery, the generator and converter. The load directly feeds the required energy to the DC load of the base station. The alternating current (AC) load (cooling and lighting) is fed via a DC/AC inverter. Excess energy is stored in the battery bank and used during night or when the PV cannot supply energy to the required load. 
The costs of renewable energy in the power sector can be represented by per unit of electricity generated and per unit of the installed capacity called "overnight costs". This study adopts the former in this analysis by using HOMER. The LCOE is defined as the ratio of lifetime costs to lifetime electricity generation, both discounted back to a common year using a discount rate that captures the cost of finance. It can also be seen as the average price at which electricity generated must be sold for The schematic diagram of the simulated hybrid system is illustrated in Figure 3 . The system consists of a PV array containing the load, solar modules, converter, batteries for storage and the diesel generator. The DC power produced from PV arrays and the fuel cell is fed to the DC Bus. The AC power generated from the diesel generator is directly fed to the AC Bus and then converted into DC power and fed to the DC Bus. Excess power goes to the battery bank and is utilized by the fuel cell in case of lack of generated power from PV source.
The costs of renewable energy in the power sector can be represented by per unit of electricity generated and per unit of the installed capacity called "overnight costs". This study adopts the former in this analysis by using HOMER. The LCOE is defined as the ratio of lifetime costs to lifetime electricity generation, both discounted back to a common year using a discount rate that captures the cost of finance. It can also be seen as the average price at which electricity generated must be sold for a project to reach "break-even" cost. This LCOE also represents cost of unit of electricity produced and in this case is given in US dollars per kilowatt-hour ($/kWh) [44] .
In the hybrid system, the control unit monitors the power monitoring unit of the system and delivers power based on the scenarios below:
Scenario 1 (Optimised schedule): The PV provides the required energy to the equipment at the base stations and stores the excess energy in the battery to be used at night or when there is insufficient radiation to provide the required energy. The battery supplies the required energy when there is insufficient solar radiation till it get to its DoD, only then can the generator start working.
Scenario 2 (Forced-on schedule): In the forced on schedule the PV provides the required energy to the equipment during the day time and the generator is forced to start from 10:00 p.m. and 7:00 a.m. in the morning. In between the times when there is no sufficient solar radiation to provide the required energy, the battery supplies the required energy. Excess energy is stored in the battery when there is sufficient solar radiation and also when the generator is running.
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Levelised Cost of Energy (LCOE)
The LCOE takes into account the expected power plant costs, including but not limited to: capital costs, the debt servicing and return on equity invested (weighted average cost of capital), operation and maintenance costs (OPEX), costs of fuel and costs associated with CO2 and other emissions, and decommissioning costs: 
The LCOE takes into account the expected power plant costs, including but not limited to: capital costs, the debt servicing and return on equity invested (weighted average cost of capital), operation and maintenance costs (OPEX), costs of fuel and costs associated with CO 2 and other emissions, and decommissioning costs:
E t = Electricity generation in the year F t = Fuel expenditures in the year I t = Investment expenditures in the year M t = Operations and maintenace expenditures in the year r = Discount rate Investment in the Nigerian PV industry shares the same risks as other power generation investments, including high capital costs, currency fluctuation risks and foreign exchange market. In addition, another PV-specific risk includes the poor wheeling capacity of the grid in high potential locations. The PV system has an advantage of not being vulnerable to fuel price volatility or resource depletion.
Some assumptions and indicators used in the study to calculate the LCOE and NPC are:
(1) The PV system life is taken as 25 years.
(2) The discount rate is taken as 6%. For any site, the power requirement is a major component of the design process that needs to be fully studied before installation.
In calculating the power requirement for a site, the equation below is used:
where P is the capacity of the total DC load power, P n is the power of the different energy consumption equipment like the BTS, microwave, cooling system, lighting and other equipment on site. T n is the run time of the corresponding energy equipment. Not all equipment runs 24 h on a site. The battery capacity determines the backup time for the solar system. To determine the battery capacity, the equation below is used:
where C = battery capacity (Ah); D = backup days (s); DoD = depth of discharge (=80%); K b = coefficient of battery capacity (=1.14); P = capacity of the total DC power load; t = working time per day of load (=24) and V b = voltage of the battery (=48).
The backup days (D) provides the length of time the batteries can sustain the system when the primary sources of power (PV and DG) are not available. In determining this, several parameters are taken into consideration, which include energy usage of the system, depth of discharge (DoD) limit, temperature, autonomy days, and the battery capacity. In this research, a total of two strings of batteries are connected in parallel for the site. One string comprises 24 blocks of 2 V each batteries connected in series. The battery capacity and the DoD is used to determine the backup days from the equation.
The DoD is defined using the following equation:
where SOC min (minimum state of charge) is the lower limit or remaining capacity of battery. This is required to help prevent the battery from discharge and overcharge, improve the battery life and protect it [5, 45] . According to the report by the Nigerian Economic Summit Group and Heinrich Böll Stiftung Nigeria [10] , the cost of off-grid electricity generation, based on LCOE, is shown in Figure 4 . Though small hydro has the smallest LCOE, it is followed by PV-hence the need to harness different renewable sources of energy in all possible ways to mitigate the energy crisis in the Nigerian telecom industry. Figure 4 shows the costs of off-grid electricity generation based on the LCOE Cost comparison of different energy sources in Nigeria. Note that the Hybrid PV system has an LCOE of about $0.26/kWh. Although a power plant's electrical production capacity is far higher than that of the system being considered, the graph still presents a comparison of energy costs across different categories. Table 3 shows the average levelized cost of energy (LCOE) analysis of off-grid PV systems. The values are from the reports from international organizations such as the International Energy Agency (IEA), world energy outlook (WEO) report focusing on renewable energy and Lazard's annual study comparing the cost of generating energy from conventional and alternative technologies. Other sources include the Renewable Energy and Energy Efficiency Partnership (REEEP) annual reports on clean energy markets and other reports [14, 44, 46] . It can be seen from the Table 3 that the average LCOE varies from 0.182 to 0.310 $/kWh. The reports gives different values, based on the values used in their calculations. Higher LCOE implies higher energy costs for the populace. The Weighted average cost of capital (WACC) is the overall cost of capital for all funding sources in a company. The exchange rate is based on 315 naira to a dollar. 
Results and Discussion
In doing the system comparisons, we have used several indices to compare the schedules used: (1) levelised cost of energy (LCOE); (2) energy generated; (3) percentage energy contribution by solar PV system; (4) photovoltaic (PV) penetration; (5) fuel consumption; (6) percentage fuel savings and (7) carbon emissions. The results are presented below. Table 4 illustrates the levelised cost of energy (LCOE) for the different load range for the 12 locations in Nigeria. From the table, the solar hybrid PV systems are cost competitive in Nigeria for the 4 kW load on a lifetime basis. The LCOE for the 4 kW load ranges between an average of USD 0.199/kWh to 0.221/kWh (including storage costs) as opposed to diesel generators USD 0.30/kWh and gasoline generators over USD 0.60/kWh as compared to the data in Table 3 . However, they have significant capital costs and, without affordable financing; diesel generators are more accessible to the operators for their business. If the OPEX and costs of components like the battery could be reduced, there would be a lower LCOE. The price of batteries, a major component of the PV system costs, is rapidly decreasing, majorly driven by the global take-off of electric vehicles. This will facilitate lower LCOEs for the PV system. Table 3 shows the average levelized cost of energy (LCOE) analysis of off-grid PV systems. The values are from the reports from international organizations such as the International Energy Agency (IEA), world energy outlook (WEO) report focusing on renewable energy and Lazard's annual study comparing the cost of generating energy from conventional and alternative technologies. Other sources include the Renewable Energy and Energy Efficiency Partnership (REEEP) annual reports on clean energy markets and other reports [14, 44, 46] . It can be seen from the Table 3 that the average LCOE varies from 0.182 to 0.310 $/kWh. The reports gives different values, based on the values used in their calculations. Higher LCOE implies higher energy costs for the populace. The Weighted average cost of capital (WACC) is the overall cost of capital for all funding sources in a company. The exchange rate is based on 315 naira to a dollar. 
In doing the system comparisons, we have used several indices to compare the schedules used: (1) levelised cost of energy (LCOE); (2) energy generated; (3) percentage energy contribution by solar PV system; (4) photovoltaic (PV) penetration; (5) fuel consumption; (6) percentage fuel savings and (7) carbon emissions. The results are presented below. Table 4 illustrates the levelised cost of energy (LCOE) for the different load range for the 12 locations in Nigeria. From the table, the solar hybrid PV systems are cost competitive in Nigeria for the 4 kW load on a lifetime basis. The LCOE for the 4 kW load ranges between an average of USD 0.199/kWh to 0.221/kWh (including storage costs) as opposed to diesel generators USD 0.30/kWh and gasoline generators over USD 0.60/kWh as compared to the data in Table 3 . However, they have significant capital costs and, without affordable financing; diesel generators are more accessible to the operators for their business. If the OPEX and costs of components like the battery could be reduced, there would be a lower LCOE. The price of batteries, a major component of the PV system costs, is rapidly decreasing, majorly driven by the global take-off of electric vehicles. This will facilitate lower LCOEs for the PV system. For the 6.4 kW load on a lifetime basis, the LCOE which ranges between averages of USD 0.157/kWh to 0.208/kWh (including storage costs) is lower than the 4 kW load. This value is still very competitive as opposed to diesel generators USD 0.30/kWh and gasoline over USD 0.60/kWh (Table 3) . However, they have significant capital costs and, without affordable financing, diesel generators are more accessible to the operators for their business.
The solar hybrid PV systems are also the most cost competitive in Nigeria for the 8 kW load on a lifetime basis. The LCOE which ranges between averages of USD 0.156/kWh to 0.172/kWh (including storage costs) for this load (8 kW) is the lowest of the 3 loads scenario considered. As the load increases, the PV size and generator size also increases but it gives lower LCOE. There is little change in the LCOE for the optimised and forced-on generator schedules, the LCOEs are both within the same range. Increased load gives better energy economics. However, they will have significantly higher initial capital costs compared to 4 kW and 6.4 kW systems and require affordable financing. Diesel generators require lower initial capital cost and therefore are more accessible to the operators for their business. If the OPEX and costs of components like the battery could be reduced, LCOE would be reduced. It is worth noting that from the report of [2] , the cost of generation of electricity at off-grid sites, which also includes cost of fuel theft, can rise up to US$2.21 per kWh, which is about 10 to 20 times the price of electricity from the grid in most African countries [2] . Figure 5 shows the comparisons between the load's total LCOE for each location. The bar gives the overall systems with the highest and lowest LCOE when the different values are combined together. The sum of Sokoto's LCOE is 1.088 kWh and the average LCOE is $0.181/kWh for the optimised and forced-on schedules. The solar radiation for Sokoto is the highest in comparison to all the sites locations in Nigeria from the study (see Figure 1) . Calabar has the highest average LCOE of $0.201/kWh for the optimised and forced-on schedules, and has the lowest solar radiation, which is the reason for Calabar having the highest LCOE. Table 5 shows the total energy generated for each site and the energy difference between the optimized and the forced-on schedule for the sites. As can be seen from the table, a total of 27,095 kWh to 28,471 kWh range is the annual energy contribution of the PV array and the diesel generator for the 4 kW optimised load system. The average energy of the optimised system and forced-on system is 27,265.8 kWh and 27,419 kWh respectively. The optimised 6 kW load annual energy generated by the PV array and diesel generator is 58,422 kWh to 58,631 kWh range. For the 8 kW optimised load system, the total energy generated is 78,707 kWh to 81,711 kWh range.
The difference in energy generated between the optimised system and the forced-on system shows that a higher energy is generated from the forced-on system. This implies that the optimised system performs better than the forced-on system because it requires less energy compared to the forced-on system. The OPEX on the forced-on system is higher so also is the carbon emission. It is worth noting that a deviation from the energy difference is shown in the Table 5 with negative values. The values indicates that the forced-on system have better performance than the optimised system in such instances. Though the optimised system performs well on average, there are areas where the forced-on system installation would be the best options for operators' base transceiver stations based on the values in the Table 5 . The ratio of the average energy difference and the corresponding loads of 4, 6.4 and 8 kW are 38.29, 46.34 and 38.32 per year, respectively. The 6.4 kW has a higher energy difference. Figure 6 shows the energy generated by the optimised system and the forced-on system. In the forced-on system, the generator was simulated to run for 9 h: 10:00 p.m. to 7:00 a.m., the period when there is little or no solar radiation. From the design results, the PV and battery supply is between 7:00 h and 22:00 h while the radiation peak is between 12:00 h and 14:00 h. The figure compares the energy generated by the systems when they are on forced-on and optimised systems. From Figure 6 , the average energy generated by the forced-on system are more than the optimised system for all the scenarios considered. The energy generated by the forced-on system is higher because of the higher generator run time. The fuel combustion produces higher energy than the PV system. Table 6 summarizes the percentage energy contribution by the solar PV system and thus the generator. As can be deduced from Table 6 , 52.80% to 68.10% of the energy was supplied by the diesel generators and the remaining 31.90% to 47.20% was supplied by the solar PV system. Excess energy for the system is different for the different loads and the percentage in comparison to the total load energy demand ranges from 0.03% to 14.98%. The 8 kW optimised schedule has the highest solar PV penetration range for all loads; 43.2% to 56.8%. From the penetration percentage results, it is evident that this has direct effect on the fuel consumption, hence fuel conservation and reduced carbon emission. Furthermore, the number of running hours of the generators decreased with an increase in solar energy penetration into the power system. The percentage of running time of the generators of the largest unit and load decreased compared to that of smaller units. Thus the larger generator units will require less maintenance hence longer life. for the system is different for the different loads and the percentage in comparison to the total load energy demand ranges from 0.03% to 14.98%. The 8 kW optimised schedule has the highest solar PV penetration range for all loads; 43.2% to 56.8%. From the penetration percentage results, it is evident that this has direct effect on the fuel consumption, hence fuel conservation and reduced carbon emission. Furthermore, the number of running hours of the generators decreased with an increase in solar energy penetration into the power system. The percentage of running time of the generators of the largest unit and load decreased compared to that of smaller units. Thus the larger generator units will require less maintenance hence longer life. Solar photovoltaic (PV) penetration is defined as the ratio of total peak PV power to peak load apparent power. Figure 7 gives the aggregate percentage of the PV penetration. The 6.4 kW forced-on system has the lowest solar PV penetration on average 40.61% for all the loads schedule. The implication is a higher DG "ON and OFF'' time for the 6.4 kW load because the energy required for the load has to be supplied to meet the load demands. This effect does not only affect the DG life cycle it also affects the OPEX. The 8 kW optimised system has the highest PV penetration of 50.20% for all the loads as seen in Table 7 . This effect means reduced carbon emission and also the frequency of DG cyclic time. Care should also be taken because of the PV penetration. High penetrations of PV for the system is different for the different loads and the percentage in comparison to the total load energy demand ranges from 0.03% to 14.98%. The 8 kW optimised schedule has the highest solar PV penetration range for all loads; 43.2% to 56.8%. From the penetration percentage results, it is evident that this has direct effect on the fuel consumption, hence fuel conservation and reduced carbon emission. Furthermore, the number of running hours of the generators decreased with an increase in solar energy penetration into the power system. The percentage of running time of the generators of the largest unit and load decreased compared to that of smaller units. Thus the larger generator units will require less maintenance hence longer life. Solar photovoltaic (PV) penetration is defined as the ratio of total peak PV power to peak load apparent power. Figure 7 gives the aggregate percentage of the PV penetration. The 6.4 kW forced-on system has the lowest solar PV penetration on average 40.61% for all the loads schedule. The implication is a higher DG "ON and OFF'' time for the 6.4 kW load because the energy required for the load has to be supplied to meet the load demands. This effect does not only affect the DG life cycle it also affects the OPEX. The 8 kW optimised system has the highest PV penetration of 50.20% for all the loads as seen in Table 7 . This effect means reduced carbon emission and also the frequency of DG cyclic time. Care should also be taken because of the PV penetration. High penetrations of PV Solar photovoltaic (PV) penetration is defined as the ratio of total peak PV power to peak load apparent power. Figure 7 gives the aggregate percentage of the PV penetration. The 6.4 kW forced-on system has the lowest solar PV penetration on average 40.61% for all the loads schedule. The implication is a higher DG "ON and OFF" time for the 6.4 kW load because the energy required for the load has to be supplied to meet the load demands. This effect does not only affect the DG life cycle it also affects the OPEX. The 8 kW optimised system has the highest PV penetration of 50.20% for all the loads as seen in Table 7 . This effect means reduced carbon emission and also the frequency of DG cyclic time. Care should also be taken because of the PV penetration. High penetrations of PV impacts circuit voltage in a number of ways. Voltage rise and voltage variations triggered by variations in solar PV generation are among the difficult impacts of high penetrations of PV. Real and reactive power from the PV system can impact the steady-state circuit voltage, and rise and fall of PV output can result in voltage fluctuations on the circuit. This, in turn, can impact power quality and voltage control device operation. Instances of high voltage can occur on the distribution circuit during low-load conditions. Voltages should stay within the permissible range; otherwise, they can reduce the lifetime of electrical equipment and cause DG (including PV inverters) to trip off-line. impacts circuit voltage in a number of ways. Voltage rise and voltage variations triggered by variations in solar PV generation are among the difficult impacts of high penetrations of PV. Real and reactive power from the PV system can impact the steady-state circuit voltage, and rise and fall of PV output can result in voltage fluctuations on the circuit. This, in turn, can impact power quality and voltage control device operation. Instances of high voltage can occur on the distribution circuit during low-load conditions. Voltages should stay within the permissible range; otherwise, they can reduce the lifetime of electrical equipment and cause DG (including PV inverters) to trip off-line. Table 8 depicts the total fuel consumptions of each site per annum while Table 9 shows the difference of the fuel consumption between the forced-on and the optimized schedules at each site per year. It can be seen from the tables that in most instances, the optimized system consumes less fuel than the forced-on system which is expected because the optimsed system has lower generator run time. Exceptions to the above are: the optimised 4 kW load at Calabar, the system fuel consumption is 75 L per year higher than the forced-on system. This is because the system capacity could not provide the required energy. At Osogbo, the 6.4 kW load optimised system fuel consumption is 72 L per year higher than the forced-on system. At Kano both systems require the same fuel consumption at 6.4 kW load. At Igarra at 8 kW load, the optimised system requires 63 L of fuel more per year for the same load as can be seen from Tables 8 and 9 . For the optimised systems with higher fuel consumption than the forced-on systems; the battery capacity and PV system capacity should be increased to have optimum system performance. The number of running hours of the generators is decreased for the optimised system, which means less maintenance is required and hence longer life. Meanwhile, there is an increase for the forced-on system and hence higher OPEX. Figure 8 shows the fuel energy production for all the sites. The 4 kW loads have distinct lower fuel energy production because the fuel consumption is lower. The 8 kW forced-on system has the highest energy production because it consumes more diesel than other schedules. The range of the fuel energy production for the 8 kW load is 159,737 kWh/year to 183,433 kWh/year. The average value for the same load schedule is 174,010.3 kWh/year. Owerri has the highest energy production of 183,433 kWh/year while Maiduguri has the lowest, 159,737 kWh/year for the 8 kW load. The energy production is proportional to the generator capacity and fuel consumption. That is why there is a large energy production difference between the different energy scenarios. The 6.4 kW and 8 kW loads are close as seen from the graph in Figure 8 . This is because the energy production from the fuel consumption of both loads schedule are close. The average fuel energy production for both load schedules are 162,819.79 kWh/year and 171,924.08 kWh/year respectively. The average difference in the fuel energy production is 9104.29 kWh/year for the 6.4 kW and 8 kW load schedules. Table 10 shows the fuel consumption and LCOEs simulated result for sites on generators only. The configurations are without any renewable sources; they run essentially on diesel generators. These values are used to compute the percentage savings on fuel for all the locations in the simulated values. Because these sites run basically on diesel fuel, the energy cost, as well as the OPEX, is higher. The carbon emissions and environmental concerns for these sites are also higher. The OPEX for these sites are among the major reasons why operators and vendors have devised ways of mitigating these effects through the use of hybrid systems. The LCOEs are 0.340 $/kWh, 0.234 $/kWh, 0.195 $/kWh for the 4 kW, 6.4 kW and 8 kW loads respectively. Table 11 shows the percentage savings on fuel consumption. It can be seen from Table 11 that the fuel consumption savings range from 24.76% to 42.24%. With the hybrid system, not only are there higher savings on fuel, but there are also implied savings on maintenance and lower carbon emissions. Table 12 shows the average savings on fuel as well as equivalent costs. The percentage savings on fuel is the difference between the fuel consumption when running on generator only and the fuel consumption when it is a hybrid system, divided by the fuel consumption when running on generator only and then multiplied by 100: Table 10 shows the fuel consumption and LCOEs simulated result for sites on generators only. The configurations are without any renewable sources; they run essentially on diesel generators. These values are used to compute the percentage savings on fuel for all the locations in the simulated values. Because these sites run basically on diesel fuel, the energy cost, as well as the OPEX, is higher. The carbon emissions and environmental concerns for these sites are also higher. The OPEX for these sites are among the major reasons why operators and vendors have devised ways of mitigating these effects through the use of hybrid systems. The LCOEs are 0.340 $/kWh, 0.234 $/kWh, 0.195 $/kWh for the 4 kW, 6.4 kW and 8 kW loads respectively. Table 11 shows the percentage savings on fuel consumption. It can be seen from Table 11 that the fuel consumption savings range from 24.76% to 42.24%. With the hybrid system, not only are there higher savings on fuel, but there are also implied savings on maintenance and lower carbon emissions. Table 12 shows the average savings on fuel as well as equivalent costs. The percentage savings on fuel is the difference between the fuel consumption when running on generator only and the fuel consumption when it is a hybrid system, divided by the fuel consumption when running on generator only and then multiplied by 100: % Savings = Fuel Consumption Gen only − Fuel Consumption Hybrid Fuel Consumption Gen only × 100 (10) Table 12 is the summary of the average savings. The 8 kW optimised system has the highest average percentage savings of 38.269% and cost savings of $5992.047. The optimised system has averagely better percentage savings than the forced-on system. Table 12 also depicts the costs that could be saved by operators on average for each of the load schedules. With the optimised systems higher costs is saved on fuel, the OPEX and carbon emissions. The energy economics comparisons favours the optimised systems for all the different load schedules. From the date the percentage energy savings is dependent on the location, solar insolation, the sequence control of the generator and load setting. A variation in any of these variables would affect the energy produced hence the OPEX and carbon emissions. Figure 9 shows the stacked carbon emissions for each of the site location. Calabar, with the highest generator run time, has the highest carbon emission in total for the simulated values. Sokoto, which has the lowest generator run time, also has the lowest carbon emission. To have a good reduction in carbon emission while meeting load demands, the PV capacity has to be increased; this, however, has economic implications. The total amount of annual CO 2 emissions that can be eliminated is between 11,314.96 kg to 14,370.14 kg, 22,611.2 kg to 29,959.72 kg and 25,460 kg to 31,428.36 kg for the 4 kW, 6.4 kW and 8 kW loads respectively (annual diesel consumption of saved multiplied by 2.68 kg CO 2 /L). 
Conclusions and Recommendations
This study examined the use of different solar hybrid system schedules in comparison to diesel generator schedules in powering some base transceiver stations in different locations in Nigeria. With a load range of 4 kW to 8 kW, the schedules examined are: (i) optimised generator schedule; (ii) forced-on generator schedule and (iii) the generator-only schedule.
The results showed that the solar PV hybrid system OPEX fuel savings range of 41.68% to 47% for the loads considered. The percentage of energy contribution by generator is in the range of 52.80% to 60.90% and 39.10% to 47.20% for the solar PV system. The solar PV penetration range is 40.90% to 56.80%. The penetration percentage result is proportional to the fuel consumption, hence there is fuel conservation and reduced carbon emissions. The running hours of the generators decreased with an increase in solar energy so is the percentage of running time of the generators of the largest unit and load compared to that of smaller units. Solar Hybrid PV systems are most cost competitive in Nigeria for the higher load on a lifetime basis among the load scenario with LCOE range between averages of USD 0.156/kWh to 0.172/kWh. Though the LCOE for both the optimised system and the forced-on are within the same range, the forced-on has higher fuel consumption. For better energy economics and environmental concerns, the optimised hybrid system proves a better system than both the forced-on and the generator only site. Nevertheless there are a few instances where the forced-on system is better for certain locations. It is recommended that policies should be put in place by the government to make operators and vendor incorporate renewable energy in their energy solutions, especially for areas with low loads that can be effectively and efficiently sustained by renewable energy sources. With that, there would be diversification and good energy mix in the telecommunication sector. Furthermore, operators and vendors should also study the type of hybrid system that will be best for a particular location before deploying the system to site. 
The results showed that the solar PV hybrid system OPEX fuel savings range of 41.68% to 47% for the loads considered. The percentage of energy contribution by generator is in the range of 52.80% to 60.90% and 39.10% to 47.20% for the solar PV system. The solar PV penetration range is 40.90% to 56.80%. The penetration percentage result is proportional to the fuel consumption, hence there is fuel conservation and reduced carbon emissions. The running hours of the generators decreased with an increase in solar energy so is the percentage of running time of the generators of the largest unit and load compared to that of smaller units. Solar Hybrid PV systems are most cost competitive in Nigeria for the higher load on a lifetime basis among the load scenario with LCOE range between averages of USD 0.156/kWh to 0.172/kWh. Though the LCOE for both the optimised system and the forced-on are within the same range, the forced-on has higher fuel consumption. For better energy economics and environmental concerns, the optimised hybrid system proves a better system than both the forced-on and the generator only site. Nevertheless there are a few instances where the forced-on system is better for certain locations. It is recommended that policies should be put in place by the government to make operators and vendor incorporate renewable energy in their energy solutions, especially for areas with low loads that can be effectively and efficiently sustained by renewable energy sources. With that, there would be diversification and good energy mix in the telecommunication sector. Furthermore, operators and vendors should also study the type of hybrid system that will be best for a particular location before deploying the system to site.
